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SUBJECT: Communication Systems Des ign  DATE: J u l y  2 9  1 9 6 6  
f o r  Manned Mars F lyby  Miss ion  
Case 103-2 R .  K .  Chen 

R .  L .  S e l d e n  
FROM: 

TM-66-2021-8 

TECHNICAL'MEMORANDUM 

I. I n t r o d u c t i o n  

T h i s  memorandum c o n t a i n s  a d e s c r i p t i o n  o f  a n  i n i t i a l  
communication s y s t e m  d e s i g n  t h a t  would be  s u i t a b l e  f o r  u s e  
on a manned s p a c e c r a f t  designed f o r  p l a n e t a r y  f l y b y  m i s s i o n s .  
The m i s s i o n  p r o f i l e  assumed i s  a t w i l i g h t  f l y b y  of  t h e  
p l a n e t  Mars d u r i n g  1975 where t h e  s p a c e c r a f t  t o  E a r t h  d i s -  
t a n c e  a t  e g c o u n t e r  i s  0 . 8  A . U  ( 6 . 4  x lo7 nm) and 3.2 A . U .  
( 2 . 5 6  x 1Ou nm) a t  maximum d i s t a n c e .  

I n  t h e  v i c i n i t y  of Mars, s h o r t l y  b e f o r e  e n c o u n t e r ,  
s e v e r a l  p r o b e s  a re  re leased  from t h e  manned v e h i c l e  and 
a re  e i t h e r  l a n d e d  on t h e  M a r t i a n  s u r f a c e  ( e . g . ,  au tomated  
b i o l o g i c a l  l a b o r a t o r y  (ABL)  and a g e o p h y s i c a l  l a b o r a t o r y  
( S u r v e y o r - 1 i k e ) ) o r '  impact  t h e  M a r t i a n  s u r f a c e  ( e . g .  atmos- 
p h e r i c  and p h o t o g r a p h i c  ( R a n g e r - l i k e )  p r o b e s ) .  I n  a d d i t i o n  
t o  t h e  p r o b e  deployment n e a r  e n c o u n t e r ,  t h e  s p a c e c r a f t  w i l l  
be  equ ipped  w i t h  a l a r g e  t e l e s c o p e  t h a t  w i l l  be  u sed  f o r  
p i c t u r e  t a k i n g ,  p robe  t a r g e t i n g ,  and p o s s i b l y  p robe  t r a c k i n g .  

The communication r e q u i r e m e n t  assumed f o r  t h e  
s y s t e m  d e s i g n  i s  to p r o v i d e  t h e  manned s p a c e c r a f t  w i t h  a 
t r a n s m i s s i o n  c a p a b i l i t y  t o  e a r t h  o f  a t  l e a s t  one megabi t  
p e r  second a t  e n c o u n t e r .  The s p a c e c r a f t  would a l s o  have 
t h e  c a p a b i l i t y  of  r e c e i v i n g  some o r  a l l  of  t h e  p robe  d a t a  
which would be  r e t r a n s m i t t e d  t o  E a r t h .  Any r e m a i n i n g  p r o b e  
d a t a  would be  t r a n s m i t t e d  t o  E a r t h  d i r e c t l y .  

11. S p a c e c r a f t - E a r t h  Communications Link 

S e v e r a l  p r u d e n t  a s s u m p t i o n s  can  be  made a t  t h e  
o u t s e t  i n  t h e  d e s i g n  of t h e  S p a c e c r a f t - E a r t h  l i n k .  Among 
these  a re :  

(1) The e a r t h - b a s e d  deep-space  t r a c k i n g  ne twork  w i l l  
be s imi l a r  t o  t h a t  which e x i s t s  t o d a y .  The ne twork  
by  1975 i s  a s suned  t o  be upda ted  w i t h  a t  l ea s t  
t h r e e  2 1 0 '  d i a m e t e r  a n t e n n a  sys t ems  s imi l a r  to 
t h e  one now i n  o p e r a t i o n  a t  t h e  J P L  f a c i l i t y  a t  

. 
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Golds tone ,  C a l i f o r n i a .  A l l  s t a t i o n s  a r e  assumed 
to b e  equipped  w i t h  c o o l e d  maser rf a m p l i f i e r s ,  
e x h i b i t i n g  a maximum sys tem n o i s e  t e m p e r a t u r e  o f  
50°K. ( T h i s  i s  w e l l  w i t h i n  t h e  p r e s e n t  s t a t e -  
o f - t h e - a r t  and i s  a c o n s e r v a t i v e  a s s u m p t i o n . )  

( 2 )  The f r e q u e n c i e s  used w i l l  b e  i n  t h e  S-band ( 2 1 0 0 -  
2300 P4Hz). 

( 3 )  The s y s t e m  w i l l  be of  t h e  " u n i f i e d "  t y p e  s i m i l a r  
to t h a t  u s e d  f o r  deep space  unmanned v e h i c l e s  
and Apol lo .  

( 4 )  The m i s c e l l a n e o u s  l o s s e s  i n  t h e  ground ne twork  and 
t h e  s p a c e c r a f t  ( i n c l u d i n g  m o d u l a t i o n  and demodula- 
t i o n  l o s s e s )  a r e  assumed to be 1 0 d B .  

( 5 )  The d e s i r e d  maximum b i t  e r r o r  f o r  t h e  da t a  r e c e i v e d  
a t  E a r t h  i s  10-3.  

The assumed p a r a m e t e r s  f o r  subsequen t  c a l c u l a t i o n s  a re  
summarized i n  Tab le  1. 

Using t h e  one-way t r a n s m i s s i o n  e q u a t i o n  

where: S/N = s i g n a l - t o - n o i s e  r a t i o  

Pt = t r a n s m i t t e r  power 

G t  = t r a n s m i t t e r  a n t e n n a  power g a i n  

Gp = r e c e i v e r  a n t e n n a  power g a i n  

B = bandwidth 

L f s  = f r e e  s p a c e  p a t h  l o s s  

= m i s c e l l a n e o u s  sys tem l o s s e s  L s y s t  

. 
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and the assumptions made, the antenna gain-transm'tter 
power product ( G  Pt) required for transmitting 10 bps 
from the manned &pacecraft to Earth during encounter is 
65.6 dbw. Some of the possible spacecraft antenna size 
and transmitter power combinations are: 

k 

Antenna Size Antenna Gain Transaitter Power 
(2300 Mc) 

10 ft. 34 db 1450 watts 

15 ft. 38 db 575 watts 

20 ft. 40 db 363 watts 

30 ft. 44 db 145 watts 

The primary tradeoff for determining the antenna size and 
RP power combination to be used on the spacecraft is to 
minimize the weight, i.e.,.does a 30' antenna and 145 watt 
transmitter with its prime power supply weigh more than 
a 20' antenna system and 363 watt transmitter. 

A few comments are in order here relative to the 
size of the antenna on the spacecraft. The antenna can be 
of light weight construction and deployed after injection 
i n t o  the Mars flyby orbit has been accomplished. Typical 
weight of a 30' antenna is estimated to be 200-400 pounds 
(a 200 pound, 30 '  reflector is being considered f o r  the 
Advanced Technology Satellite (ATS) program). The erectable 
10' antenna which will be used on the lunar surface in the 
Apollo program weighs only 15 pounds. 

I n  addition to reducing the amount of power 
required for the spacecraft-to-Earth communications system, 
the advantage of using the largest practicable antenna on 
the spacecraft is to increase the Earth-to-spacecraft 
communications capability. The effect of spacecraft antenna 
sizes on the Earth-to-spacecraft communications capability 
during Mars  e ~ c e u n t e r  is shswn as f ~ l l ~ w s .  
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Antenna S i z e  - Communications c a p a b i l i t y  

1 0  f t .  

PCM System% 

'1 x l o 7  bps  

Conven t iona l  FM System 
( I F  Bandwidth)  
5.37 x 1 0  Hz 6 

1 5  f t .  2 .7  x l o 7  bps  1 . 3 5  x 107 H Z  

20 f t .  

30 f t .  

2 . 1 4  x 1 0  7 Hz 4 .3  x lo7 bps 
8 1 x 1 0  bps  

A t  maximum d i s t a n c e  fyom E a r t h  t h e  s y s t e m  c a p a b i l i t y  would be 
r e d u c e d  by a f a c t o r  of  1 6 .  A t  f i r s t  g l a n c e ,  enhancement of  t h e  
E a r t h  t o  s p a c e c r a f t  l i n k  does  n o t  seem t o  be a b i g  a d v a n t a g e .  
However, i n  a m i s s i o n  o f  t h i s  d u r a t i o n ,  a p p r o x i m a t e l y  two y e a r s ,  
it would b e  h i g h l y  d e s i r a b l e  t o  p r o v i d e  crew e n t e r t a i n m e n t  
( e .g .  t e l e v i s i o n )  f rom E a r t h .  

An a l t e r n a t e  approach  t o  t h i s  sys tem d e s i g n . i s  t o  
assume a r i g i d  a n t e n n a  c o n s t r u c t i o n  whose s i z e  i s  d e t e r m i n e d  by  
t h e  maximum d i a m e t e r  s t r u c t u r e  t h a t  can  be s t a c k e d  w i t h i n  t h e  
l a u n c h  v e h i c l e .  P r i m e  power i s  t h e n  a l l o c a t e d  based  on t h e  o v e r a l l  
s p a c e c r a f t  power budge t .  An example o f  t h e  s y s t e m s  c a p a b i l i t i e s  
t h a t  would be  a v a i l a b l e  based  e n  thr is  d e s i g n  approach  would be 
as f o l l o w s :  

Maximum Antenna Diameter 
Antenna Gain 

2 0 '  
t 4 O d B  

P r i m e  S p a c e c r a f t  Power A l l o c a t e d  
t o  Transmiss i -on  System 2 .  Okw 

T r a n s m i t t e r  Output  Power a t  2.3GHz 0.65kw ( 2 8 . 1  dBw) 

Antenna Gain T r a n s m i t t e r  Power (GtPt) +68 . ldBw 
Data r a t e  c a p a b i l i t y  a t  e n c o u n t e r  1 . 8 5 ~ 1 0 ~  Bi t s /Second  

111. Communication Systems with Probes 

V a r i o u s  p r o b e s  have been  s u g g e s t e d  f o r  u s e  d u r i n g  t h e  
manned Mars f l y b y  m i s s i o n  and t h e y  p r e s e n t  d i f f e r e n t  r e q u i r e m e n t s  
f o r  g e t t i n g  t h e  s c i e n t i f i c  i n f o r m a t i o n  back t o  t h e  manned space-  
c r a f t  o r  t o  t h e  E a r t h .  The b a s i c  d i f f e r e n c e s  o f  a l l  t h e  p robe  
d e s i g n s  from the -communica t ions  v i e w p o i n t  a re  t w o f o l d ,  t h e  i n f o r -  
m a t i o n  r a t e  and t h e  l i f e  t ime  o f  t h e  p r o b e s .  I n  g e n e r a l ,  it i s  
d e s i r a b l e  to keep t h e  communicat ions sys t em d e s i g n  on t h e  

* B i t  e r r o r  r a t e  of  1 x 

~ 
~~~ 

. 
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probe as simple as possible. To facilitate this design 
approach requires that the spacecraft systern(s) used to com- 
municate with the probes employ high gain antenna(s) and low 
noise receiving systems. 

The relative advantages of collecting the probe 
information by relay from the manned spacecraft or directly 
to the Earth can be estimated by considering the differences 
in receiving capabilities of the spacecraft and the Earth 
and the communication distances involved. For  any probe 
design, calculations can be made to determine the "break- 
even" point in terms of "days-after-encounter" where the 
receiving capability of the manned spacecraft and the Earth 
stations are equal for different receiving system designs on 
the manned spacecraft. Before the break-even point, the space- 
craft would have higher receiving capability than the Earth, 
and after the break-even point the reverse would be the 
case. Using the parameters given in Table I f o r  the 
receiving systems,the break-even points, calculated for several. 
antenna sizes on the manned spacecraft, are as follows: 

Spacecraft Antenna Size Break-even Point 
(Days after encounter) 

10 ft. 3 days 
15 ft. 5 days 
20 ft. 6 days 
30 ft. 10 days 

It should be noted that the above comparison is 
based on the utilization of S-band frequencies on both the 
probe-spacecraft and probe-Earth links. Inasmuch as there is 
no requirement for the probe-spacecraft link to remain in 
the S-band frequencies,a change to C-band for this transmission 
link would increase the break-even point shown above by a factor 
of two (e.g. a 20 foot diameter spacecraft antenna would provide 
an enhanced receiving capability for about 12 days after encounter 

Three representative probes presenting different 
infornation rate and life time requirements are used in the 
following to give some indication of the .communication systems 
requirements for probe communications. These probes are 
briefly described as follows: 

A. Ranger-type Photographic Probe 
The probe is assumed to be a Ranger-type vehicle 

which would be launched four or five days prior to Mars encounter 
and precede the spacecraft tine of encounter by approximately 
one hour. Information transrrAtted is assumed to be analog 
television with a baseband of 3 0 0  KHz during a ten minute 
period prior to the destruction of the probe in the Martian 
atnosphere. 
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B. Lander Photographic Probe 

This probe is assumed to be a lander similar to the 
Russian Luna 9 vehicle. The camera on the lander would survey 
the Martian terra.in for a period of 12 hours after touchdown 
during the Martian day. 
panoramic view of the surrounding terrain at least once per 
hour so that simil-ar pictures will be taken throughout the 
Martian day at various sun angles. It is expected that the 
lander would lose its line-of-sight with the flyby spacecraft 
shortly after touchdown, therefore, the picture information 
would need to be recorded on video tape to be transmitted 
approximately 12 hours after touchdown when line-of-sight 
is reestablished with the spacecraft. Video information is 
continuously recorded for twelve hours at a 420 Hz rate and 
is assumed to be transmitted to the spacecraft at twice the 
recording rate. 

It is desirable to obtain a 360" 

C. Long Life Landers 

It is anticipated that certain types of lonz life 
lander probes, because of the nature of their intended scientific 
experiments, would not have a requirement to transmit at a 
high information rate. These landers would include the Auto- 
mated Biological Laboratory (ABL) and the Geophysical Laboratory. 
It is assumed that the landers would continuously collect 
infomation at the rate of 250 bits per second (bps). Since 
approximately 50% of the time the landers will be out OI? 
sight of Earth, some of the information would need to be 
recorded. Transmission to Earth then, would be at twice the 
recording rate. A relatively simple lander design coulc! be 
mechanized to provide a long duration communication capabiiiiy; 
its prime power could be obtained from a solar array source. 

Table 11 summarizes some of the characteristics 
of the probes which are pertinent to the communication system 
designs. The receiving system on the spacecraft is assumed 
to have a 20 ft. antenna and an uncooled parametric amplifier 
system which has an effective system noise temperature of 
300OK. 

For the purpose of this memorandum, the video 
information from the photographic probes will be assumed to be 
transmitted by a conventional FM method, and the data from the 
long life lander probes will be transmitted by a coherent PCM 
method. In order to obtain the desired baseband performances, 
the design of the FM system would be as follows. 

. 
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Baseband SNR Modula t ion  IF SIJR I F  Bandwidth 
I n d e x  

Ranger  Photo-  
g r a p h i c  Probe  4 0  db p-p/rms 3 .5  lUdb 3 . 0  MHz 

Lander  Photo-  
g r a p h i c  P robe  40  db p-p/rms 3.5 lOdb 1 0 . 0  KHz 

T a b l e  I1 p r o v i d e s  t h e  pe r fo rmance  c a l c u l a t i o n s  f rom 
t h e  p r o b e s  t o  t h e  s p a c e c r a f t  or E a r t h  r e c e i v i n g  s t a t i o n s .  
The c r i t e r i a  e s t a b l i s h e d  i s  t h e  combined t r a n s m i t t e r  power 
and  t r a n s m i t t i n g  a n t e n n a  g a i n  or e f f e c t i v e  r a d i a t e d  power (ERP) 
r e q u i r e m e n t s  o f  t h e  p r o b e s .  V a r i o u s  c o m b i n a t i o n s  o f  t h e s e  two 
p a r a m e t e r s  c a n  be  made, t h e  f o l l o w i n g  r e p r e s e n t  a r e a s o n a b l e  
s e t  o f  numbers:  

ERP R e q u i r e d  Antenna Antenna T r a n s m i t t e r  
S i z e  Beamwid t h Power 

Ranger  Photo-  
g r a p h i c  Probe  32 dbw 1 f t .  32O 1 0 0  w 

L a n d e r  Photo-  
g r a p h i c  Probe  30 .8  dbw 1 f t .  32O 50 w 

Long L i f e  
Lande r  Probe  38 .8  dbw 4 f t .  80 20  w 

O t h e r  p r o b e s ,  such  as  a n  a t m o s p h e r i c  and  a s u r f a c e  
sample  r e t r i e v e r  p r o b e ,  may a l s o  be  i n c o r p o r a t e d  i n  a Manned 
Mars F l y b y  m i s s i o n ,  b u t  a r e  n o t  d i s c u s s e d  he re .  However, i t  
i s  r e a s o n a b l e  to assume t h a t  t h e  i n f o r m a t i o n  r a t e  from t h e s e  
p r o b e s  would b e  less t h a n  t h e  p r o b e s  d i s c u s s e d  above ,  and  t h e  
s p a c e c r a f t  or E a r t h  would be a b l e  to r e c e i v e  them w i t h  t h e  
communica t ion  s y s t e m s  r ev iewed  h e r e .  

The p r o b e  depiuyriient sti-ategji 21r secjuzrizc was nzt 
c o n s i d e r e d  i n  t h e  d i s c u s s i o n .  T h e  i m p l i c a t i o n  i s  t h a t  t h e  
p r o b e s  w i l l  be  d e p l o y e d  s e q u e n t i a l l y  s o  t h a t  t h e  same com- 
m u n i c a t i o n  sys t em on t h e  s p a c e c r a f t  would be a b l e  to communicate 
w i t h  t h e  p r o b e s  on a t i m e  s h a r i n g  b a s i s .  It i s  h i g h l y  p r o b a b l e  
that two s e p a r a t e  a n t e n n a  systems would be  needed  on t h e  s p a c e -  
c r a f t  i n  o r d e r  to communicate w i t h  t h e  E a r t h  and  t h e  p r o b e s  
s i m u l t a n e o u s l y .  
s p a c e c r a f t  and s p a c e c r a f t - E a r t h  communica t ions ,  two a n t e n n a  
s y s t e m s  would p r o v i d e  redundancy  i n  t h e  a n t e n n a  system. 

' I n  a d d i t i o n  to p r o v i d i n g  s i m u l t a n e o u s  probe-  

. 
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It s h o u l d  be  no ted  t h a t  d i r e c t i o n a l  a n t e n n a s  a r e  
used  f o r  a l l  t h e  p r o b e s ,  t h e r e f o r e ,  a n t e n n a  p o i n t i n g  c a p a b i l i t i e s  
would be  needed  i n  a i l  c a s e s  w i t h  t h e  e x c e p t i o n  o f  t h e  Ranger  
P h o t o g r a p h i c  P robe .  The Ranger p robe  would be  a c t i v e  f o r  a 
l i m i t e d  d u r a t i o n  ( 1 0  m i n u t e s )  and i t s  a n g u l a r  r e l a t i o n  w i t h  
r e s p e c t  to t h e  s p a c e c r a f t  i s  w e l l  w i t h i n  t h e  beamwidth o f  t h e  
a n t e n n a .  The a n t e n n a  p o i n t i n g  o f  t h e  l a n d e r  p r o b e s  c o u l d  b e  
accompl i shed  by command l i n k s  f rom t h e  s p a c e c r a f t  or E a r t h .  
The c a p a b i l i t i e s  of  t h e  command l i n k s  t o  t h e  l a n d e r  p r o b e s  
w i t h  o m n i d i r e c t i o n a l  command r e c e i v e  a n t e n n a s  a r e  c a l c u l a t e d  
i n  T a b l e  I V .  I t  i s  s e e n  t h a t  t h e  command c a p a b i l i t y  f rom 
S p a c e c r a f t  t o  Lander  P h o t o g r a p h i c  Probe  i s  630 b i t s  p e r  second 
and from E a r t h  t o  Long L i f e  Lander  Probe i s  115  b p s .  

I V .  - Summary 

i s  p r o v i d e d  i n  T a b l e  V .  Note t h a t  a l l  o f  t h e s e  d e s i g n s  u s e  
S-band f r e q u e n c i e s ,  which would a l l o w  redundancy  i n  t h e  r e q u i r e d  
communicat ions equipment .  A d d i t i o n a l l y ,  t h e  d e s i g n  a p p r o a c h  
u s e d  h e r e  i s  c o n s e r v a t i v e .  FM r e c e i v e r  t h r e s h o l d s  a r e  based 
on p r e s e n t  day c o n v e n t i o n a l  d i s c r i m i n a t o r s ,  on boa rd  d a t a  
p r o c e s s i n g  ( e . g . ,  compress ion )  and coded communicat ions 
t e c h n i q u e s  a r e  n o t  i n c l u d e d .  Improvements i n  pe r fo rmance  
c o u l d  be  o b t a i n e d  by u s i n g  some of t h e s e  t e c h n i q u e s ,  s u c h  
a s  FM w i t h  f e e d b a c k  r e c e i v e r s  and o r t h o g o n a l  codes  f o r  d i g i t a l  
d a t a  t r a n s m i s s i o n ,  at t h e  expense  o f  d e s i g n  and equipment  
c o m p l e x i t y .  I n c r e a s i n g  t h e  o p e r a t i n g  f r e q u e n c i e s  f rom S-band . 

t o  C-band would a l s o  improve t h e  communicat ions pe r fo rmance  
by a p p r o x i m a t e l y  6 db .  

A summary o f  s p a c e c r a f t  and p r o b e  system p a r a m e t e r s  

/ 

R .  K .  Chen 

2021-RLS-crr RKC $<&?-tL/ R .  L .  S e l d e n  

. 



B E L L C O M M ,  1 N C .  

TABLE I 

Communication System Parameters Assumed for 

Earth - Spacecraft Links ____  Calcul.ations 

Earth transmitter power 100 Kw 

Earth Antenna gain, transmit (2100 G H z )  6 0 . 5  db 
receive (2300 GIIz) 61.0 db 

Path loss (0.8 A . U .  at 2.3 GHz) 261.2 db 

Ground receiver system noise spectral 
density (Teff=500K) 

Spacecraft receiver system noise 
spectral density (uncooled parametric 
amplifier, Teff=3000K) 

Miscellaneous system losses  

Signal-to-noise ratio required 
coherent PSK modulation, 10-3 bit 
e r r o r  rate (in a bit rate bandwidth) 
conventional FM (in an I . F .  bandwidth) 

-203.8 dbw/Mz 

10 db 

7 db 
10 db 
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